ABSTRACT For the ship sailing in the seaway, usually the rudder is used to control the heading and the fin stabilizer is used to reduce rolling. However, there are interactions between their control effects, which usually deteriorate the control performance. The interactions can be used to enhance the control performance, if rudder and fin stabilizer are controlled to work in coordination, and this is usually called the integrated rudder/fin control. In this paper, a new control method based on distributed model predictive control (DMPC) and disturbance compensation mechanism is proposed to achieve the integrated rudder/fin control. MPC controllers are designed for rudder and fin stabilizer respectively to fulfill their different control requirements. Communication between the MPC controllers is established to make the rudder and fin stabilizer work in coordination. An extended state observer is adopted as the disturbance observer to estimate the lumped disturbance of roll motion which consists of model mismatch and external disturbance. The MPC controllers calculate control actions with the lumped disturbance to improve the control performance. They also avoid actuator saturations by limiting the control actions, which makes the control more robust in sever sea conditions. Simulation study shows that, with the proposed control method, the roll stabilization performance is enhanced and the heading control capability is preserved. The proposed control method also shows a more desirable control performance in roll stabilization compared with a well-tuned LQR controller. INDEX TERMS Distributed model predictive control, disturbance compensation, integrated rudder/fin control, MIMO, constrained control, sliding mode differentiator.
I. INTRODUCTION
The ship sailing in the seaway is affected by environmental disturbances like waves, winds, and currents. Winds and currents can make the ship go off course and waves often excite rolling. Going off course prolongs the time to reach the destination, increases the economic costs, and even causes collision or grounding. The natural roll frequency of the mono-hull ship is usually within the peak frequency range of waves, which often results in severe rolling. Rolling can make passengers uncomfortable, reduce the efficiency of crew, affect the working of equipments, damage the cargo, and even make the ship capsized.
The modern ship is often equipped with autopilot to control the course and fin stabilizer to reduce rolling. There are interactions between the control effects of the rudder and the fin stabilizer. It is observed that the changes of rudder position to control the yaw motion of the ship also induce roll motion. Taggart [1] found that, in some sailing conditions, the roll motion induced by the autopilot coupled with the roll motion induced by waves, which enlarged the roll motion. Because the yaw damping and moment of inertia are much greater than that of roll, the roll motion induced by rudder possesses a faster response compared to the yaw motion induced by rudder. This property makes it possible to induce roll motion with the rudder without inducing notable yaw motion. Taggart conceived that if the roll motion induced by rudder was controlled properly, it could be used to counteract the roll motion induced by waves. His method is usually called the rudder roll stabilization (RRS). Researches show that the rudder can stabilize the ship effectively without obviously interfering the control of heading [2] , [22] . Similarly, the fin stabilizer may induce yaw motion while reduces rolling and affect the course of the ship. For ships being equipped with both autopilot and fin stabilizer, in the situation that both they are at work, the interactions between their control effects will deteriorate the total roll stabilization performance if the rudder and the fins are controlled separately. On the contrary, if they are controlled to work in coordination, the roll stabilization performance will be enhanced without affecting the control of course obviously. This method is usually called the integrated rudder/fin control.
To achieve the integrated rudder/fin control, there are some problems to be dealt with:
• The effects of environmental disturbances are complex.
The winds, currents, and waves possess various characteristics that vary with time. The rolling is determined greatly by the characteristics of waves and the sailing condition of the ship. The height, direction, and power spectrum of waves vary with sea states and sea areas.
The sailing speed and course of the ship should be adjusted to tasks.
• The model of the plant cannot be obtained precisely. The forces generated by rudders and fins are determined by the flows around them, which are difficult to be determined or measured in severe sea conditions. The responses of the ship in waves are calculated approximately with the strip theory. Moreover, the parameters of the ship model changes with sailing speeds and loading conditions.
• The ship is a multiple-input multiple-output (MIMO) system with multiple control inputs and control objects. Rudders and fins should work in coordination to avoid harmful interactions and enhance roll stabilization performance. Because the rotation rate of rudder is much slower than that of fin, the phases of rudders and fins are different while stabilizing the ship respectively. The phases of them should be close if they work together, otherwise their stabilizing effects will counteract with each other. The control commands for heading control and roll stabilization are conflict in some situations, therefore they should be considered on the whole.
• Rudders cannot follow large control commands with their low rotation rate. If rudders receive large control commands, actuator saturation will appear. Actuator saturation causes phase lag in control, which can deteriorate the control performance significantly [2] . The control command is usually constrained by reducing the gain of the controller to avoid actuator saturation, which also reduces the control performance. Researchers have made many efforts to deal with the problems. Roberts and Towill [3] designed a controller with the direct Nyquist array methodology to avoid the interaction of rudder and fins based on the multivariable model. As a contract, in their early research controllers of rudder and fins are designed separately with single-input single-output (SISO) models. The rudder control command is obtained by adding the heading control command and roll stabilization command of rudder together, which means the coordination of rudder and fins cannot be considered [4] . Sharif et al. [5] used the H ∞ method to synthesize the integrated rudder/fin controller. The H ∞ controller is robust but its control performance is conservative. Tanguy and Lebret [6] proposed a gain scheduling control law based on H ∞ controllers. The method made the integrated rudder/fin controller adaptive to the varied working conditions, thus improved the control performance of the H ∞ control method.
The aim of this study is to find a proper control method that deals with the problems in integrated rudder/fin control and achieves a good control performance. A new control method based on distributed model predictive control (DMPC) and disturbance feed-forward compensation mechanism is proposed in this paper. The control method coordinates the actions of rudders and fins, compensates the impacts of external disturbance and model mismatch to improve the control performance, and explicitly constraints the control actions to avoid actuator saturation. With these novel techniques, the integrated rudder/fin control is achieved, and the control performance and robustness are improved.
The MPC optimizes the performance of the MIMO system and generates control actions considering the capability of actuators to prevent actuator saturation. With these properties it pushes the system to the limit of performance [7] . It has been proved successful in industrial process control fields where the dynamics of the plant are slow, for the calculation burden. However, it has been adopted in motion control recently where the dynamics of the plant are fast, benefiting from the increase of the computer speed [8] . The roll motion and yaw motion possess different response properties, and the rudder actuators and fin actuators possess different dynamics. Therefore, the control performance of the integrated rudder/fin control will be limited if they are controlled by the centralized MPC controller [9] . The proposed DMPC controller consists of two MPC controllers that control rudders and stabilizing fins respectively to meet their different control requirements. The control command of the rudder controller is sent to the fin controller to make rudders and fins work in coordination.
The disturbance compensation method is usually used with existing controller, to enhance the disturbance rejection performance and make the controller robust to model mismatch [10] . The method lumps the external disturbance and model mismatch with a disturbance observer according to the nominal plant model, and compensates their impacts with control actions. There are different disturbance observers developed for different systems. Kiyoshi Ohishi et al. [10] proposed the disturbance observer in frequency domain. Chen et al. [12] proposed a disturbance observer that is able to estimate the disturbance of a MIMO system. The extended state observer (ESO) proposed by Han [11] shows desired disturbance estimation property to SISO system, if the plant can be transformed into integrator chain form and being disturbed by matched disturbance. In this paper, the sailing condition that the ship sails at a constant speed with small heading changes is studied, which means that the control of roll motion is more crucial than that of yaw motion. Therefore, the disturbance compensation mechanism is only adopted to the roll stabilization loop. An extended state observer is adopted to estimate the lumped disturbance. The MPC controllers generate control actions with current states and the lumped disturbance of roll motion to improve the roll stabilization performance.
A LQR controller which has a lot in common with the MPC controller is designed to have a comparison. Benefiting from the disturbance compensation mechanism and the constrained control property, the proposed control method shows a more desirable roll stabilization performance and is more robust to wave disturbance in severe sea conditions. The remainder of this paper is organized as follows: the control problem and models are described in section II. The control method and design of the controller is detailed in section III. In section IV, simulation results are presented to analyze and test the control performances of the proposed method. Finally, conclusions are given in section V.
II. PROBLEM FORMULATION AND MODELS

A. PROBLEM FORMULATION
The ship with rudder and fins to illustrate the control problem is shown by (a) and (c) of Fig. 1 . From the back view (a), it can be seen that the center of pressure of the rudder is below the center of gravity of the ship, and the lift force acting on the rudder generates roll moment with the arm of force l x r . The fins are located at the bilges of ship, and the lift forces acting on them generate roll moments with the arm of force l x f . From the top view (c), it can be seen that the lift force of rudder generates yaw moment with the arm of force l z r , and the lift forces of fins generate yaw moments with the arm of force l The rudder roll stabilization is based on the property that the ship possesses a fast response in roll and a slow response in yaw under the excitation of rudder. The difference in response speed means the high frequency oscillation of rudder to stabilize rolling will not affect the control of heading obviously. In (a) of Fig. 6 , under the excitation of rudder, the ship first rolls to the same side of the rudder deflection direction, then it rolls to the opposite side under the moment generated by the damp of water if the rudder dose not turn back soon. If the ship makes a big turn, the rudder should stay at a big rudder angle and the hull will heel outward, thus the rudder is not available to reduce rolling. But in the situation that the required heading change is slow, the rudder can perform roll stabilization and heading control at the same time by containing the heading control component in the rudder command.
The integrated rudder/fin control is the combination of the rudder roll stabilization and the fin stabilization. It reduces the harmful interaction between rudder and fins, enhances the roll stabilization performance, and preserves the heading control capability by making rudder and fins work in coordination.
In the ship motion control theory, the controlled motions of ship in the seaway is obtained by adding the motions of ship induced by control surfaces in clam water and motions of ship induced by waves together. The motions induced by control surfaces in clam water is obtained with model of ship dynamics in clam water, model of actuators, and lift forces of control surfaces. The motions induced by waves is obtained with the motion RAO which are calculated with strip theory according to the characteristics of the ship. The nonlinear ship model presented by Blanke and Christensen [13] containing the ship dynamics in clam water is adopted in this paper. It is linearized with the sailing speed as the parameter for the controller design, and is adopted to test the control performance.
B. 3 DOF SHIP MODEL
The coordinate system describing ship motions induced by control surfaces in calm water is shown in Fig. 2 . The model of ship motions is established in the earth frame O 0 that is an inertial frame fixed on the Earth. The motions are described in the body-fixed frame O that is commonly located at the midship and moves with the ship.
The nonlinear ship model (1) of yaw, roll, and sway are obtained with Newton's laws.
where m is the mass of the ship, I z and I x are rotational inertia about z and x axis, x G and z G are positions of the center of gravity in the body fixed frame, v is the sway velocity, p is the angular velocity of roll, r is the angular velocity of yaw, ρ is the density of the sea water, ∇ is the displacement of the ship, φ is the roll angle, GZ (·) is the length of the righting arm, Y is the hydrodynamic force along y axis, N and K are hydrodynamic moments about x and z axis respectively. VOLUME 6, 2018 FIGURE 2. Frames to describe ship motions.
Equation (1) is a nonlinear model with a lot of nonlinear hydrodynamic coefficients in Y , N and K . It is adopted in simulations to test the controller performance for it describes the ship motions precisely, but it is difficult to be used in controller design. To design the controller, it is assumed that the ship sails at a constant speed, and (1) is linearized with the constant sailing speed as a parameter. According to Blanke and Christensen [13] , the state vector of the linearized model is chosen as x = [v, r, p, φ, ψ] T , in which ψ is the yaw angel. Linearize the nonlinear model at the zero point of the state space with constant sailing speed U , the linear ship model is obtained as
where
is the linear coefficient matrix about the derivative of the state vector, the symbols Y , N and K with subscripts are hydrodynamic coefficients about sway, yaw and roll. is the linear coefficient matrix about the state vector, GM is the metacentric height.
is the linear coefficient matrix about inputs, L ruu and L fuu is the lift forces of rudders and fins, β is the tilt angle of the fins that is shown by (a) of Fig. 1 .
T is the control input, δ r and δ f are the deflection angles of rudders and fins respectively. The linear state space model iṡ
where A is the control matrix whose entries are determined by mass, moments and hydrodynamic coefficients, it changes with the sailing speed of the ship. B is the input matrix whose entries depend on the sailing speed, the geometric characteristics and the location of the rudder.
C. ACTUATORS
The dynamics of actuators are closely related to the design of the controller. For the limitations of mechanical structure and power, there are constrains on rotational positions and rates of the actuators. The dynamic of actuators with limited rotational positions and rotational rates are shown in Fig 3. In Fig. 3, δ d is the desired deflection angle of actuators, δ is the actual deflection angle of actuators, δ max is the maximum rotational position limit,δ max is the maximum rotational rate limit.
D. LIFT FORCE OF CONTROL SURFACE
The control effects are achieved with the lift forces generated by rudders and fins. To simplify the model, the lift forces are obtained with the method to calculate the lift force in stationary field, the unsteady hydrodynamics and the effects of propellers are not considered. The lift forces are calculated with
where L f is the lift force, C L is the lift coefficient, u f is the velocity of flow that the control surface is in, here we consider it equals to the forward speed of the ship, A f is the area of the control surface, α is the angle of attack that is shown by (b) in Fig. 1 .
E. SHIP ROLLING MODEL
To design the disturbance observer about roll motion, a nominal linear model of roll motion is derived. Based on (2), ignoring yaw and sway motions, the nominal roll model is obtained as
Writing (4) in state space form aṡ
F. WAVE DISTURBANCE
The motions of ship in waves are simulated by the motion RAO (response amplitude operator), which are transfer functions from waves to motions. According to the wave theory, the wave amplitude can be simulated by the sum of harmonic waves whose angular frequencies distribute properly on wave energy spectrum. The amplitude of the nth harmonic wave can be expressed as
in (7), to the nth harmonic wave, ζ n is the wave amplitude, ω n is the angular frequency of the wave, S(ω n ) is the power density, ω n is the span of the angular frequency in the power density spectrum. Waves are described by the 2-parameter spectrum that was recommended by ITTC in 1978. It is expressed as
where S is the power density, ω is the angular frequency of the wave, T is the average period of the wave and H 1/3 is the significant wave height. The wave amplitude can be expressed as
where ε n are random variables distributing in [0,2π]. According to the linear property of the motion RAO, the motions of the ship can be expressed as 
III. CONTROLLER DESIGN
In the following of this paper, ''N + '' denotes nonnegative integers, ''R'' denotes real numbers, ''R n×m '' denotes realvalued n × m matrices.
A. THE CONTROL METHOD
The control objective of the proposed controller is to make the fin stabilizer and rudders work in coordination to improve the roll stabilization performance and preserve the heading control capability. Because the damping and moment of inertia of the yaw motion are much greater than that of the roll motion, the roll motion possesses a response much faster compared to the yaw motion, thus the roll motion and the yaw motion should be controlled in different time scales [15] . The fins are used to reduce rolling while rudders are used to control heading and reduce rolling simultaneously. The control performance of rudders should be balanced between the two different control objectives. Different control requirements of rudders and fins require different controller settings. The centralized MPC controller calculates control actions of different control actuators in one prediction horizon with same sampling period, length of prediction horizon, and weighting matrixes, which causes it difficult to fulfill the different control requirements. The distributed MPC preserves the advantages of the centralized MPC and has a more flexible control structure. It calculates control actions of different actuators in separated MPC controllers, and coordinates their behaviors by communicating between different controllers.
The MPC controller calculates control actions with current states and the nominal plant mode. The model mismatch and external disturbance make the predictions of plant behavior different from the actual plant behavior, which deteriorates the control performance. In order to improve the control performance, the effects of model mismatch and external disturbance are taken into account in the prediction of the plant behavior. The nominal working condition of the ship is that it sails at a constant speed and does not make a big turn, the heading is controlled by rudders gradually to keep the course. In such a condition it can be assumed that there is no strong couplings between yaw, roll, and sway motions. Under the assumption, the lumped disturbance about roll motion can be obtained with the nominal roll equation (6) , and the lumped roll disturbance can be exerted only on the equation about roll motion in the nominal state space model (3) in predicting the motion of the ship. An extended state observer is adopted to estimate the lumped roll disturbance consisting of model mismatch and external disturbance. It is also assumed that the states of the plant are available. The processing of the measured state signals is not concerned in this paper.
The proposed controller generates control actions to compensate the effects of the lumped disturbance with the current states, the nominal model, and the inputs of the plant. The structure of the proposed controller is shown in Fig. 4 .
In Fig. 4 , the ''Ship'' block represents the plant to be controlled, d e is the external disturbance. The MPC rudder controller and the MPC fin controller control rudders and fins respectively. The ESO estimates the lumped disturbance d lφ with the roll angle φ, the angle of rudders δ r , and the angle of fins δ f . The state x is feed back to the MPC controller to generate control actions of rudders and fins, which are u r c and u f c . The reference signal consists of the yaw command r ψ and the desired roll angle r φ . To stabilize the roll motion, r φ should be zero. The control action of the MPC rudder controller is sent to the MPC fin controller to coordinate the actions of rudders and fins.
B. THE DISTURBANCE OBSERVER
According to the separation principle, the disturbance estimation can be carried out independently to the calculation of the control actions. Based on (6), the nominal ship roll model with lumped disturbance is
where d lφ is the lumped disturbance consisting of model mismatch and external disturbances, y roll is the output, C roll is the output matrix. It is assumed that d lφ is differentiable. According to (6) , (11) can be written in the state space form as
According to the method by Han [11] , to estimate the lumped disturbance d lφ , augmentẋ 2 as a new state x 3 ,
The augmented state space model is constructed aṡ
where f x 1 , x 2 , δ r , δ f , d lφ is the unknown derivative of state x 3 . It is obviously that the lumped roll disturbance d lφ to be estimated is contained in the augmented state x 3 , which is the second order derivative of state x 1 .
To obtain the second order derivative of x 1 , a discrete homogeneous sliding model differentiator [28] is adopted. The homogeneous siding mode differentiator is written as (15) where i is the sampling time step, z 1,i , z 2,i , and z 3,i are discrete states of the differentiator, τ is the sampling period, φ i is the roll angle at time step i, e i is the error between the discrete state z 1,i and the roll angle φ i , L > 0 is the Lipschitz constant, β 1 , β 2 , β 3 > 0 are the parameters to be chosen to ensure the performance of the differentiator. The asymptotic convergence property and the finite-time-convergent property are ensured by the homogeneous property of the differentiator. The sampling period of the ESO is chosen so that the sampling periods of the rudder controller and the fin controller are integral times of it, which enables the MPC controllers to access the lumped disturbance.
The initial state vector [z 1,0 , z 2,0 , z 3,0 ] T of the differentiator is set to be [0, 0, 0] T . After a finite time, the transient process will finishes, and the states of the differentiator will converge to the states [x 1 , x 2 , x 3 ] T . According to (13) and (15) , the lumped roll disturbance can be calculated as
where δ r,i and δ f ,i are the rudder angle and fin angle at time step i respectively.
C. THE DISTRIBUTED MPC CONTROLLER
Because the yaw motion and roll motion possess different response properties, and the actuators of fins and rudders possess different dynamics, the fins and rudders are controlled by different MPC controllers. For the time scale of yaw motion is longer than that of roll motion, the sampling period and prediction time span of the rudder controller should be longer than that of the fin controller. The controllers of fins and rudders are designed separately, and the control command of rudders is transmitted to the fin controller to achieve coordination. To transmit the rudder control command to the fin controller, the sampling period of rudder controller is chosen to be integral times of that of the fin controller. The controllers receive the information of states and lumped disturbance at their sample times, then calculate the control commands and send them to fins and rudders afterwards. For the sampling period of rudder controller is longer than that of fin controller, and the rudder dynamic is slower compared to that of the fin, the coordination of rudders and fins are based on the control command of rudders. Before the next sample of the rudder controller, the rudder command keeps the same value, and the fin controller calculates the fin control command considering the rudder command to achieve the coordination. The MPC problem is to determine the optimal value of the control sequence
where U N (x) is the feasible set of u for state vector x, it is defined as
where U is the feasible domain of control actions, φ(k; x, u) is the solution of the prediction function, X is the feasible domain of state vector. The first element u 0 0 of the optimal control sequence u 0 k (0 ≤ k ≤ N − 1) will be taken as the control input.
To design the MPC controller, the nominal ship model (3) is discretized as
where k ∈ N + , x k is the discrete state vector, u k is the discrete input vector,Ā is the discrete system matrix,B is the discrete input matrix. For the rudder controller and the fin controller possess different sampling periods, the discrete system matrices and control matrices of them are also different. Considering the effect of the lumped disturbance of roll motion, at sampling time step n of the rudder controller, the prediction equation of the rudder controller is 
subject to 22) in which N r ∈ N + is the length of prediction horizon, x n is the state vector at time step n, x r 0 = x n , u r = {u r k }(0 ≤ k ≤ N r − 1) is the control input sequence, u r −1 is the control input of the last control step, the diagonal state weighting matrix Q r ∈ R 5×5 and input weight R r ∈ R are positive semi-definite, δ r max are the rotational position limit of rudders, δ r max are rotational rate limit of rudders.
While the rudder controller calculates control action once, the fin controller calculates control actions several times. The prediction function of fin controller is similar to that of the rudder controller. At calculation time step n of the rudder controller and calculation time step j of the fin controller, considering the effects of the lumped disturbance and the rudder command, the prediction equation of fin controller is where N f ∈ N + is the length of prediction horizon, x j is the state vector at time step j,
is the control input sequence, u f −1 is the control input of the last control step, the diagonal state weighting matrix Q f ∈ R 5×5 and input weight R f ∈ R are positive semi-definite, δ f max are rotation positional limit of fins, δ f max are rotational rate limit of fins.
In cost function (21) and (24), if the deviation of a variable from its setting point is required to be small, the corresponding weight should be large, otherwise the corresponding weight can be small. They are adjusted to make the controlled system possess a satisfactory performance.
IV. SIMULATION RESULTS
A. SIMULATION CONDITIONS AND PARAMETERS
Simulation studies are carried out to test the roll stabilization performance and the heading control performance of the proposed control method. According to section II, the simulation of the controlled ship motions in waves consists of two parts, the simulation of ship motions induced by control surfaces in calm water and the simulation of ship motions induced by waves. The nonlinear ship model presented by Blanke and Christensen [13] is adopted in simulation, it contains parameters and hydrodynamic coefficients of the ship. The parameters of rudders and fins in [16] are referred to. With these parameters the motions induce by control surfaces in clam water is obtained. The motion RAO in [16] is adopted to simulate the roll motions induced by waves.
In simulation the ship sails at the speed of 15kts. The rotational rate limits of rudders and fins are ±10 • /s and ±25 • /s, the rotational position limits are both ±30 • for rudders and fins. The sea condition of significant wave height 2.3m, average period 5s represents sea state 4, and the sea condition of significant wave height 4m, average period 7s represents sea state 5. The sampling period τ of the disturbance observer is 0. 
B. DISTURBANCE OBSERVATION PERFORMANCE
The performance of the disturbance observer is tested by regenerating the roll motion of the ship. According to the principle of the disturbance observation, the error between the measured motion and the output of the nominal model with the same control input is generated by the lumped disturbance. If there is no control input the observed output of the plant is generated only by the lumped disturbance. The observed roll motion of the ship and the regenerated roll motion with the lumped disturbance and nominal rolling model are shown in Fig. 5 . It can be seen that the regenerated roll motion coincides with the observed roll motion of the ship satisfactorily, which means the disturbance observer is effective.
C. CONTROL WITH NONLINEAR AND LINEARISED MODEL
To analyse the effectiveness of the linearized model in designing the controller, the responses of nonlinear and linearized model under excitations are compared in Fig. 6 . In (a), the roll motions and yaw motions are induced by a step rudder command of 10 • , in (b), the motions are induced by a step fin command of 10 • . It can be seen that the differences in response become greater with time. According to the linearization method presented in section II, the linear model is obtained by linearizing the nonlinear model at the origin of the state space, which means that the further the state vector be away from the origin, the bigger the difference between the nonlinear model and the linearized model is.
To test the control performance of the proposed controller designed with the linearized model, the performances of the controller with linear model and nonlinear model as the controlled plant are studied. The roll stabilization performances of the controllers in sea state 5 are shown in Fig. 7 . It can be seen that the control performance of the proposed controller with both models as the controlled plant are very similar. Considering the influence of model mismatch contained in the lumped disturbance will be compensated by the controller, it can be expected that the control effects on nonlinear plant will be closed to that on linearized plant. More details of adopting the linearized model in ship motion control are presented in [31] .
D. STABILIZATION PERFORMANCE OF INTEGRATED RUDDER/FIN CONTROL AND FIN STABILIZER
To test the roll stabilization performance of the controller in integrated rudder/fin control, the roll stabilization performances of integrated rudder/fin control and fin stabilizer are studied. The integrated rudder/fin control is achieved with the distributed MPC controller while the fin stabilizer is controlled by the fin MPC controller with the rudder command being zero. Simulations are carried out in different sea conditions, in both simulation conditions the encounter angle is 90 • . The roll stabilization performances of integrated rudder/fin control and the fin stabilizer in sea state 4 and sea state 5 are shown in Fig. 8 and Fig 9. respectively. It can be seen from Fig. 8 and Fig. 9 that the integrated rudder/fin control reduces the roll motion more effectively compared with the fin stabilizer, which means that the integrated rudder/fin control enhances the roll stabilization performance. For the rudder rate is much slower than that of fins, and the main task of rudders is to control the heading, the roll reduction capability of rudders is limited by tuning the controller.
The deflection angles of rudders and fins in sea state 4 and 5 are shown in Fig. 10 and Fig. 11 . The positive angle of rudder represents that the rudder deflects to the starboard, and the positive fin angle represents that the angle of attack of the right fin is positive. The deflection angles of rudders and fins are opposite, which means that the control moments generated by rudders and fins are in the same direction and the rudders and fins work in coordination.
Compared with the performances in sea state 4, the integrated rudder/fin control enhances the roll stabilization performs more obviously in sea state 5, which means the rudders contribute more in severe sea state. In Fig. 9 it can be seen that the average roll amplitude and the average roll period are greater than that in sea state 4. In Fig. 11 it can be seen that the fins reach their position limit when large roll angle appears, which means the fin stabilizer reaches its limit of roll stabilization. At the same time, the deflection angle of rudders are much greater to generate more roll damping moment. The longer average roll period also helps the rudder to be more effective, considering the limited rudder rotational rate.
E. STABILIZATION PERFORMANCE COMPARED WITH LQR CONTROLLER
To analyse the roll stabilization performance of the proposed control method, the roll stabilization performance of a LQR controller is presented for comparison. The LQR control method is typical in the control of MIMO systems.
The design of the LQR controller is presented in Appendix. The weighs of the LQR controller are selected to make the rudders and fins work in coordination, and the controller is well tuned to get a best performance in sea state 4. The state weighting matrix of the LQR controller is Q LQR = diag{1, 1, 1, 600, 100}, input weighting matrix is R LQR = diag{0.005, 0.0005}, and feedback gain is Fig. 13 and Fig. 15 . It can be seen that in sea state 4 both the deflection amplitudes of rudders and fins controlled by the proposed controller are similar to that controlled by the LQR controller. But the stabilization performance of the proposed controller is much better than that of the LQR controller. This is because benefiting from the disturbance compensation mechanism the phases of control commands of the proposed controller are advance to the LQR controller, which makes the rudders and fins compensate the roll motion more effectively.
Comparing the stabilization performances of the two controllers in sea state 5, it can be seen that the performance of the LQR controller is even worse. Different from in sea state 4, in some situations the roll motion is even enlarged with the control of the LQR controller. This is because when the roll motions of relatively large amplitudes and high frequencies appear, the rudders will reach their rotational rate limit and cannot follow the control command, which results in phase lag in control and enlarges the roll motion. In Fig. 15 it is clear that the deflection angles of rudders and fins controlled by the LQR controller are much greater than that controlled by the proposed controller at times the roll motion being enlarged. To avoid the actuator saturation, the gain of the LQR controller should be reduced, which will also reduce the control performance. The constrained control mechanism of the proposed controller is very important, it makes the control more robust in sever sea conditions. 
F. HEADING CONTROL PERFORMANCE
Heading control is the other aspect of the integrated rudder/fin control. The simulation conditions to test the heading control performance are the same as in the simulations to test the roll stabilization performance.
To study the proposed controller's performance in changing the heading, a step yaw command of 10 • is sent to the controller at 100s, the response is shown in Fig. 16 . Under the control command, the heading changes quickly with an average yaw rate about 1 • /s and then stays around the required yaw angle. To study the interference of changing the heading to the roll stabilization performance, it is assumed that the encounter angle is still 90 • in the condition that the change of heading angle is small. The interference of changing the heading to the roll stabilization performance in sea state 4 is shown in Fig. 17 . It can be seen that the roll stabilization capability of the rudder is affected by containing the heading control component in rudder actions, and the stabilization performance recovers after the change has finished.
To study the course keeping performance of the proposed controller, ramp signals representing going off course are According to the principle of the MPC control method, the slope disturbance cannot be reduced completely and there is stationary error between the desired control output and the actual control output, and it grows with the slope of the disturbance. Though the proposed control method cannot eliminate the influence of the slop disturbance completely, it reduces the error to a very small level compared with the exerted disturbance. Thus the proposed controller can be considered effective in course keeping. The roll stabilization performances with course disturbance of 1 • /s and without course disturbance are shown in Fig. 19 . It can be seen that the roll reduction performance is not affected obviously while the course disturbance exists.
V. CONCLUSION
This paper concerns the integrated rudder/fin control of the ship. A control method based on distributed model predictive control and disturbance compensation mechanism is proposed. A LQR controller is presented to have a comparison with the proposed controller.
Simulation study shows that with the control of the proposed method, the roll stabilization performance is enhanced, and the course-keeping capability is preserved. Benefiting from the disturbance compensation mechanism, the proposed controller shows more desirable performance in roll stabilization compared with the LQR controller. Further more, the constrained control mechanism avoids phase lag caused by actuator saturation, which ensures the control performances in severe sea states.
The performance of the proposed control method is demonstrated only in idealized conditions with simulations. The problem will be more complex in practice, the feasibility of the proposed control method should be verified with further experiments.
APPENDIX THE LQR CONTROLLER
The LQR controller is a linear controller with linear state feedback as the control input. With the system dynamics, the controlled system iṡ 
